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ABSTRACT
Elongated, bar-like galaxies without a significant disk component, with little rotation support and no gas, often form as a result of
tidal interactions with a galaxy cluster, as was recently demonstrated using the IllustrisTNG-100 simulation. Galaxies that exhibit
similar properties are, however, also found to be infalling into the cluster for the first time. We use the same simulation to study in
detail the history of such a galaxy over cosmic time in order to determine its origin. The bar appears to be triggered at t = 6.8 Gyr
by the combined effect of the last significant merger with a subhalo and the first passage of another dwarf satellite, both ten times
less massive than the galaxy. The satellites deposit all their gas in the galaxy, contributing to its third and last star-formation episode,
which perturbs the disk and may also contribute to the formation of the bar. The galaxy then starts to lose its gas and dark matter due
to its passage near a group of more massive galaxies. The strongest interaction involves a galaxy 22 times more massive, leaving the
barred galaxy with no gas and half of its maximum dark matter mass. During this time, the bar grows steadily, seemingly unaffected
by the interactions, although they may have aided its growth by stripping the gas. The studied galaxy, together with two other similar
objects briefly discussed in this letter, suggest the existence of a new class of early-type barred galaxies and thereby demonstrate the
importance of interactions in galaxy formation and evolution.
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1. Introduction
A considerable number of galaxies in the Universe possess bars
(Buta et al. 2015). These elongated structures are formed in at
least two ways: through the inherent instability of disks that are
cold enough (Hohl 1971; Ostriker & Peebles 1973) or via in-
teractions with other objects (Gerin et al. 1990; Noguchi 1987,
1996; Miwa & Noguchi 1998; Berentzen et al. 2004; Lang et al.
2014; Łokas et al. 2014; Łokas 2018). Such environmental ef-
fects may include fly-bys of smaller satellites or bigger galax-
ies as well as mergers. Another scenario shown to be very ef-
fective in inducing bars is the evolution of galaxies in clusters.
Łokas et al. (2016) used controlled simulations of Milky Way-
like galaxies orbiting a Virgo-like cluster to demonstrate that the
bar can efficiently be produced during the first pericenter passage
if the orbit is both tight enough and prograde, even if the galaxy
is resilient to bar formation in isolation.
This scenario was recently tested in the cosmological context
by Łokas (2020b) using IllustrisTNG simulations (Springel et al.
2018; Marinacci et al. 2018; Naiman et al. 2018; Nelson et al.
2018; Pillepich et al. 2018a). In that work, we followed the evo-
lution of well-resolved galaxies in the most massive cluster of
IllustrisTNG-100 and found that the tidal forces from the clus-
ter have a strong effect on the morphology and kinematics of the
galaxies, transforming many of them from rotating disks to pro-
late spheroids dominated by random motions. Among the most
strongly evolved sample of galaxies with more than one pericen-
ter passage, we identified six tidally induced bars and six other
barred galaxies that probably had their bars enhanced by the tidal
interaction with the cluster. We note that these bars were not
included in recent studies of barred galaxies with IllustrisTNG
(Rosas-Guevara et al. 2020; Zhou et al. 2020; Zhao et al. 2020),
which focused on late-type objects. Instead, the bars tidally in-
duced by the cluster would be rather classified as early-type due
to their predominantly prolate shape, limited rotation, and lack
of gas and star formation.
Unexpectedly, very similar barred galaxies can also be iden-
tified at present among the unevolved sample of cluster galaxies
that are infalling into the cluster for the first time and have not
strongly interacted with it. In this letter, we look at one such
object in order to study its history and determine what other
scenarios could lead to the formation of this interesting sub-
class of barred galaxies. The galaxy is referred to by its iden-
tification number in the subhalo catalog of the last output of the
IllustrisTNG-100 simulation, ID44, in a way that resembles the
naming of real galaxies in various catalogs. The names of other
objects mentioned below will also contain their number in the
last simulation snapshot, unless noted otherwise.
2. Evolution of the galaxy
Figure 1 presents different properties of galaxy ID44 as a func-
tion of time obtained using the main progenitor branch of the
Sublink merger tree for this subhalo (Rodriguez-Gomez et al.
2015). The two upper panels show the behavior of the mass as-
signed to the galaxy divided into dark matter, stars, and gas, with
two different ordinate scales. The evolution of the dark mass (up-
per panel) shows two distinct phases, each lasting for about half
of the cosmic time. In the first phase (until about t = 7 Gyr),
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Fig. 1. Evolution of the galaxy ID44.
the galaxy increases its dark mass and then, later on, it mostly
loses it. The gas content (second panel) also increases, albeit
with some variation, until t = 7 Gyr, and then the gas is depleted
until t = 10 Gyr, when the galaxy does not possess any more
gas. The stellar mass increases until t = 7 Gyr as well; later,
it remains approximately constant, declining only slightly. The
growth of the stellar mass is not steady, rather, it accelerates in
three epochs corresponding to three starbursts, as evidenced by
the three peaks of star formation rate (third panel). Star forma-
tion stops around t = 8 Gyr. After that point, the galaxy becomes
red with its (g− r) color increasing to 0.8 at the end of the evolu-
tion. The stellar metallicity remains roughly constant from about
t = 6 Gyr. In this and the following panels, the measurements are
carried out within two stellar half-mass radii.
The next two panels of Fig. 1 describe the shape and kine-
matics of galaxy ID44 at different times using parameters calcu-
lated as described in Genel et al. (2015) and provided together
with the Illustris data release. For the purpose of these mea-
surements, the mass tensor of the stars was calculated and the
galaxy was rotated to align it with its principal axes. The eigen-
values of the mass tensor can then be used to estimate the axis
ratios c/a (shortest to longest) and b/a (intermediate to longest)
and the triaxiality parameter, T = [1 − (b/a)2]/[1 − (c/a)2].
The evolution of these three measures of shape is shown in the
fourth panel of Fig. 1. We can see that during the evolution, the
shape of the galaxy changes from oblate (T < 1/3), to triaxial
(1/3 < T < 2/3), and, finally, prolate (T > 2/3).
The strongly prolate shape at the end of the evolution sug-
gests that within two stellar half-mass radii, the galaxy is domi-
nated by an elongated structure in the form of a bar. We confirm
this finding by calculating the measure of the strength of the bar
as the m = 2 mode of the Fourier decomposition of the sur-
face density distribution of stellar particles projected along the
short axis: A2(R) = |Σ jm j exp(2iθ j)|/Σ jm j, where θ j is the az-
imuthal angle of the jth star, m j is its mass, and the sum goes
up to the number of particles in a given radial bin. The measure-
ments within the cylindrical radius, R, of two stellar half-mass
radii are shown in the fifth panel of Fig. 1. Indeed, they are high
at later times.
Since the formation of the bar should be accompanied by
an increasing amount of radial motion of the stars, in order to
quantify the amount of rotation support in the galaxy, we used
the rotation parameter, f , defined as the fractional mass of all
stars with circularity parameter, ǫ > 0.7. The evolution of this
parameter is shown together with A2 in the fifth panel and we
see that it decreases from rather high values of f > 0.5 early on
to f < 0.2 at the end of the evolution. We note that f > 0.2 is
a reasonable threshold for defining late-type or disky galaxies in
Illustris (Peschken & Łokas 2019; Peschken et al. 2020), so f <
0.2 means that our evolved galaxy can no longer be considered a
disk.
3. Properties of the bar
In this section, we discuss the properties of the bar in greater
detail. Figure 2 shows the image of the galaxy at the end of
its evolution in terms of the surface density distribution of the
stars in three projections, along the shortest, intermediate, and
the longest axis (from left to right). The image confirms that the
galaxy is indeed a bar, in the sense that most of its stars con-
tribute to the elongated shape, rather than a disk with an embed-
ded bar.
The evolution of the bar can be described in detail by mea-
suring the profiles of the bar mode, A2(R), as a function of the
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Fig. 2. Surface density distribution of the stellar component of ID44 viewed along the three principal axes at the present time. Surface density, Σ,
is normalized to the central maximum value in the end-on view and the contours are equally spaced in logΣ.
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Fig. 3. Profiles of bar mode, A2(R), for galaxy ID44 at different times.
Measurements were carried out in bins of ∆R = 0.5 kpc.
cylindrical radius, R, rather than a single value in a wide radial
bin shown in the fifth panel of Fig. 1. Examples of such profiles
for ID44 at three different times are presented in Fig. 3. This fig-
ure demonstrates that A2(R) has a shape that is typical of bars,
growing from zero at small radii to a maximumand then decreas-
ing again. As suggested by the results of the previous section,
the strength of the bar indeed grows in time since the values of
the maximum of A2(R) are higher, and the bar length is larger, at
later times. The length of the bar can be estimated as the radius R
where A2(R) drops to half the maximum value. For the three se-
lected times shown in Fig. 3, the bar length increases from about
4.5 to 6 kpc and it is within the range of values measured for real
galaxies (Aguerri et al. 2005; Diaz et al. 2016; Font et al. 2017).
We note that at the end of the evolution, the bar length is 2.7
times larger than the stellar half-mass radius at this time.
The dependence of bar strength and length on time can be
fully appreciated by plotting the bar mode values as a function
both of radius and time. Such measurements are shown in the
color-coded form in Fig. 4 for the times between t = 4 Gyr and
t = 13.8 Gyr. We can see that some elongation is already present
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Fig. 4. Evolution of the profiles of the bar mode, A2(R), of galaxy ID44
over time.
around at t = 5 Gyr but it later disappears and the bar starts to
continuously grow at about t = 6.8 Gyr.
We also estimated the pattern speed Ωb of the bar. To this
aim, for a first approximation, we used the kinematic method
proposed by Tremaine & Weinberg (1984). Such measurements
are rather uncertain due to the low resolution of the simulated
galaxy and they depend on a number of parameters, such as
the chosen binning and inclination. The method, however, gives
quite low values of the order of 6 km s−1 kpc−1, which means that
the pattern speed can be measured directly by the change of the
position of the bar major axis between simulation outputs in spite
of the fact that they are spaced quite widely in time. This more
direct method givesΩb = 9 km s
−1 kpc−1 at the end of evolution,
a value that is similar to what is estimated by Peschken & Łokas
(2019) for the bars in Illustris galaxies, but rather low in com-
parison with values from real barred galaxies (Font et al. 2017).
We note however, that around t = 9 Gyr, when the bar is much
weaker, the pattern speed is much higher, namely, Ωb = 17 km
s−1 kpc−1, and starts to steadily decrease around t = 10 Gyr as
the bar becomes stronger, which is in agreement with other stud-
ies of simulated bars (Athanassoula 2003).
4. Interaction with environment
The properties of the barred galaxy ID44 are very similar to the
tidally induced bars identified by Łokas (2020b) in the most mas-
sive cluster of the IllustrisTNG-100 simulation. These bars were
Article number, page 3 of 5
A&A proofs: manuscript no. ID44e
induced by strong tidal interactionswith the cluster overmultiple
pericenter passages. Six such objects were identified and a fur-
ther six likely had their bars enhanced by such interactions. Con-
trary to these objects, ID44 has never strongly interacted with the
cluster. At present, it is found at its outskirts, at a distance of 2.2
Mpc from the cluster center, comparable to the cluster virial ra-
dius. Still, the bar could be induced tidally by interactions with
other objects. In order to determine if this is indeed the case, we
studied the interactions of ID44 with other galaxies during its
lifetime.
The last significant merger the galaxy experienced took place
at t = 6.8 Gyr. The satellite that merged with ID44 at that time
was last identified at one output step earlier (0.1 Gyr before), as
ID366165. The last panel of Fig. 1 displays its physical distance
from ID44 as a function of time. Its total mass during infall,
when it was at d = 200 kpc from ID44 (and therefore, when it
was not yet heavily stripped by ID44) was 4.9×1010 M⊙ , which
is equal to 9% of the mass of ID44 at that time. As we can see
from the last panel of Fig. 1, the satellite merged with ID44 af-
ter its second pericenter passage around it. At the same time,
ID44 was approached by another satellite, ID1873, of a very
similar mass at d = 200 kpc. This satellite does not merge with
ID44, but as shown in Fig. 1, it completes three close pericen-
ter passages around ID44, it is later ejected toward the outskirts
of ID44, and survives until the present. Both these satellites have
probably caused enough distortion in the disk of ID44 to seed the
bar, as it started to grow around this time. The second surviving
satellite may have additionally contributed to the growth of the
bar during its second pericenter passage, although its mass was
then much smaller. Both satellites deposited all their gas in ID44,
which probably contributed to igniting the third (that is, the last)
of its star-formation bursts. The distribution of the densest gas in
ID44 at that time does not coincide with the center of the stellar
distribution, so the new stars form off-center, which may have
also contributed to the formation of the bar.
The second important period of interactions in the lifetime
of ID44 took place between 8 and 11 Gyr. During this time,
the galaxy passes close to a group of massive galaxies centered
on a very massive elliptical (ID2). The interaction causes ID44
to lose all its gas and a significant fraction of dark matter, as
illustrated in the first two panels of Fig. 1 depicting the mass
evolution of the galaxy. The strongest interaction takes place at
t = 10.8 Gyr, as indicated by the strongest dip in the dark matter
mass assigned to ID44 at that time and even a small dent in the
stellar mass. At this moment, ID44 comes as close as about 100
kpc to ID8, which then had the total mass of 3.6 × 1012 M⊙, that
is, 22 times greater than ID44. We note that the interactions with
these more massive galaxies appear to have little effect on the bar
as it seems to grow steadily during this period. They may have,
in fact, helped the bar grow by stripping the gas since galaxies
with smaller gas fractions are known to form bars more easily
(Shlosman & Noguchi 1993; Athanassoula et al. 2013; Łokas
2020a).
5. Conclusions
We analyzed the properties and evolution of galaxy ID44 in the
IllustrisTNG-100 simulation. The galaxy was chosen as an in-
teresting example with properties that are similar to bars tidally
induced by the most massive cluster in this simulation and iden-
tified by Łokas (2020b). The stellar component of the galaxy is
elongated and similar to a bar but with hardly any disk compo-
nent left. The galaxy is not strongly supported by rotation and
contains no gas. In spite of these similarities, the galaxy has
never interacted with the cluster and is presently at its first in-
fall, located at its outskirts, at the physical distance of the clus-
ter virial radius. We found that the bar was also tidally induced,
but by interactions with two satellites ten times smaller than
ID44, one of which ended up merging with it. The gas was later
stripped during an interaction with a group of galaxies much big-
ger than ID44. However, the galaxy cannot be considered as an
example of group pre-processing, which is believed to be one of
the mechanisms shaping the galaxies in clusters (Benavides et al.
2020), as it never became a member of the group and has not
been accreted onto the cluster together with the other member
galaxies; instead, it only passes within their vicinity.
ID44 is not the only case of galaxies that have not experi-
enced even a single pericenter passage around the cluster but
nonetheless exhibit prolate shapes and limited rotation. There
are a few similar objects in Fig. 9 of Łokas (2020b), however,
ID44 is the one with the highest triaxiality parameter T = 0.9.
Two further examples with bar-like shapes and T > 0.8 are ID55
and ID91. The former ends up beyond the virial radius of the
cluster and seems to have the bar induced by the first passage of
a satellite at t = 5.5 Gyr, and then it becomes, itself, a satellite
of a much bigger galaxy ID1 which enhances its bar and strips
all of its gas and most of its dark matter. The latter finds itself
closer to the center of the cluster at present. It has a weak bar in-
duced by a passage of a small satellite around t = 4 Gyr, which
is then enhanced by a merger with another satellite at t = 7.6
Gyr. Around t = 11.5 Gyr, it passes close to a group of galaxies
with masses similar to itself, and loses all the gas as well as a
significant fraction of dark matter.
Such objects with similar properties are present around other
clusters or groups as well. There seems therefore to be a subclass
of bars hosted by early-type galaxies forming in the IllustrisTNG
simulation that were not included in previous studies of barred
galaxies in Illustris and IllustrisTNG (Peschken & Łokas 2019;
Rosas-Guevara et al. 2020; Zhou et al. 2020; Zhao et al. 2020)
since these studies focused on late-type objects and considered
only bars embedded in strongly rotating, disky galaxies. These
early-type bars clearly demonstrate the importance of interac-
tions in the processes of galaxy formation and evolution, and,
therefore, certainly deserve further study.
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